A strategy was developed for the high-throughput localization of unknown expressed proteins in Nicotiana benthamiana . Libraries of random, partial cDNAs fused to the 5 Ј or 3 Ј end of the gene for green fluorescent protein (GFP) were expressed in planta using a vector based on Tobacco mosaic virus . Viral populations were screened en masse on inoculated leaves using a confocal microscope fitted with water-dipping lenses. Each viral infection site expressed a unique cDNA-GFP fusion, allowing several hundred cDNA-GFP fusions to be screened in a single day. More than half of the members of the library carrying cDNA fusions to the 5 Ј end of gfp that expressed fluorescent fusion proteins displayed discrete, noncytosolic, subcellular localizations. Nucleotide sequence determination of recovered cDNA sequences and subsequent sequence searches showed that fusions of GFP to proteins that had a predicted subcellular "address" became localized with high fidelity. In a subsequent screen of Ͼ 20,000 infection foci, 12 fusion proteins were identified that localized to plasmodesmata, a subcellular structure for which very few protein components have been identified. This virus-based system represents a method for high-throughput functional genomic study of plant cell organelles and allows the identification of unique proteins that associate with specific subcompartments within organelles.
INTRODUCTION
Plant genomic and cDNA sequencing programs have identified large numbers of genes, many of which can be ascribed putative functions through bioinformatic approaches. However, for many others, a function cannot be ascribed, and there is currently a need to relate genes to their functions. Because eukaryotic cells are highly compartmentalized and the subcellular localization of a protein is intrinsic to its function, insights into the functions of genes can be gained through the subcellular localization of their products.
The use of green fluorescent protein (GFP), which as a reporter allows the facile in vivo subcellular localization of fusion proteins, has greatly facilitated cell biological studies. Fusion of genomic or cDNA fragments to the 5 Ј or 3 Ј end of the gene for GFP has permitted the development of high-throughput cellbased methods for localizing the products of ectopically expressed yeast genes (Sawin and Nurse, 1996; Ding et al., 2000) and mammalian genes (Fujii et al., 1999; Rolls et al., 1999; Misawa et al., 2000) . More recently, a protein trap strategy, in which the gfp gene is carried as a mobile, artificial exon by a transposable element, has been used to localize interrupted full-length proteins expressed from their endogenous locus in Drosophila (Morin et al., 2001) . In plants, random cDNA fragments fused to the 3 Ј end of the gfp gene have been transformed en masse into Arabidopsis using Agrobacterium tumefaciens to localize plant gene products (Cutler et al., 2000) . In that study, many useful subcellular markers were obtained, although a high proportion of out-of-frame fusions to gfp displaying artifactual localizations also were recovered. A major limitation to plant transformation approaches for screening random cDNA libraries is that they are labor intensive and time consuming.
The speed and ease with which plant virus-based vectors can be produced and used subsequently to express cDNA sequences in differentiated plant tissues has made them an attractive alternative to stable transformation in studies of plant gene function (Lacomme et al., 2001 ). These attributes make vectors based on RNA viruses, such as Tobacco mosaic virus (TMV) and Potato virus X (PVX), amenable to high-throughput screening for gain-and loss-of-function phenotypes by protein overexpression and virusinduced gene silencing, respectively . However, foreign genes inserted into such vectors can be lost during in planta propagation through recombination between duplicated or homologous sequences (Rabindran and Dawson, 2001) , and this instability increases with increasing foreign insert size.
Plant virus-based vectors have been used extensively to express free GFP to localize viruses to specific cells and tissues (Oparka et al., 1997) and to express GFP fusion proteins to determine the subcellular localization of both plant and viral proteins (Oparka et al., 1997; Boevink et al., 1998; Gillespie et al., 2002) . We wished to determine whether such vectors could be used in a high-throughput manner, in preference to stable transformation, to determine the subcellular localization of proteins expressed from random cDNA-gfp fusions. Vectors based on TMV and PVX are particularly suitable for population screening, because each infection focus on a leaf is initiated essentially by a single RNA molecule (Haupt et al., 2001) . Previously, TMV and PVX vector populations have been used to express and screen libraries of full-length tobacco and Cladosporium fulvum cDNAs for genes that elicit hypersensitive resistance responses (Karrer et al., 1998; Takken et al., 2000) . More recently, we screened a population of TMV-based vectors that contained a library of shuffled viral movement protein ( mp ) genes, through the simple observation of fluorescent lesion size, for mutants enhanced in mp gene function .
The 30-kD MP of TMV, which has been shown to bind single-stranded nucleic acids in vitro (Citovsky et al., 1990) , also accumulates in plasmodesmata, the intercellular cytoplasmic bridges between plant cells, during viral infection (Tomenius et al., 1987) . Although these intercellular structures are believed to play a critical role in coordinating plant physiology and development, little is known about their protein composition, and to date, no plasmodesmata-specific genes have been identified (Aaziz et al., 2001; Blackman and Overall, 2001 ). The difficulty of isolating plasmodesmata without accompanying contaminants makes proteomics approaches based on the large-scale isolation of plasmodesmata difficult (Kotlizky et al., 1992; Turner et al., 1994; Blackman and Overall, 2001 ) compared with the isolation of plasma membranes, mitochondria, and chloroplasts (van Wijk, 2001 ). Therefore, we tested whether a virus-based library screen could be used to identify proteins associated with a subcellular structure that is refractory to fractionation. In addition, many plant proteins are thought to interact transiently with plasmodesmata (reviewed by Ding, 1998) . Such proteins are unlikely to be major constituents of the plasmodesmata pore and consequently would not be identified from isolated plasmodesmata fractions. We reasoned that such interacting proteins might be identified more readily by their colocalization with plasmodesmata using a random virusbased screen.
Here, we describe the use of 30B.GFPc3, a previously described TMV-based vector in which GFP expression is driven from a duplicated viral subgenomic promoter (Shivprasad et al., 1999) , to screen libraries of random cDNAs that were fused to both the 5 Ј and 3 Ј ends of gfp for high-throughput localization studies. Using this approach, we were able to screen several hundred cDNA-gfp fusions daily. Furthermore, we describe the use of this system to identify genes that encode specific proteins that associate with plasmodesmata and demonstrate the utility of this approach in ascribing proteins to subcellular "addresses" that are not amenable to fractionation and proteomics approaches.
RESULTS

Viral Library Construction
To allow the fusion of partial plant cDNAs to both the 5 Ј and 3 Ј ends of the gfp gene, derivatives were produced from the full-length cDNA hybrid tobamovirus vector 30B.GFPc3 (Shivprasad et al., 1999) . The vector's gfp gene was modified in one of two ways. For fusions to the 5 Ј end of the gfp gene, a vector (pOL2-Asc) was produced in which the initiating Met codon of gfp was replaced with a polylinker containing unique AscI and NotI sites (Figure 1 ). For fusions to the 3 Ј end of gfp , a set of three vectors (pXNE0, pXNE1, and pXNE2) was produced in which the termination codon was replaced with a polylinker containing unique EcoRV and NotI sites, with the three vectors differing in the number of intervening nucleotides to allow insertions in all three frames. RNA extracted from Nicotiana benthamiana roots was used to synthesize both the 5 Ј and 3 Ј fusion libraries to avoid the prevalence of mRNAs encoding proteins involved in photosynthesis that might bias the libraries toward chloroplast localizations. For fusions to the 5 Ј end of gfp , cDNA was synthesized using a cap structuredependent protocol and size selected. After digestion, this cDNA was ligated to the vector pOL2-Asc and transformed into Escherichia coli , producing a population of ‫ف‬ 6.5 ϫ 10 4 transformants that is referred to hereafter as the 5 Ј fusion library. The cDNA synthesized for fusion to the 3 Ј end of gfp was subjected to normalization and size selection before ligation to an equipartite mix of the three receptor vectors described above and transformation of E. coli to produce a population of ‫ف‬ 3.5 ϫ 10 3 transformants that is referred to hereafter as the 3 Ј fusion library. DNA prepared from these populations was used to produce in vitro transcripts, which were reassembled subsequently with purified TMV coat protein into virus particles to increase their infectivity.
Library Characterization
Because each lesion is initiated by a single RNA molecule, the proportions of the two populations that expressed fluorescent fusion proteins were investigated through the inoculation of reassembled transcripts onto tobacco cv Xanthi NN, which carries the hypersensitivity resistance gene N . After propagation at a permissive high temperature and counting of the fluorescent infection foci, plants were shifted to a lower, nonpermissive temperature and the necrotic lesions that developed were counted. The means for the percentage of infection foci that expressed a fluorescent product were 20 and 98% for the libraries of fusions to the 5 Ј and 3 Ј ends of gfp , respectively. All members of the 3 Ј fusion library are expected to produce some form of GFP fusion protein; thus, the 2% of lesions that were not discernibly fluorescent could represent variants that expressed/accumulated low levels of fusion protein or in which the GFP portion of the fusion protein did not fold correctly. That 20% of the 5 Ј fusion library was fluorescent was encouraging, because for members of this population to produce a fluorescent protein, the cDNAs must have had an initiation codon that was in frame with an open reading frame (ORF) that was in frame with the gfp ORF and between which there were no intervening stop codons. Thus, if all aspects of the cloning procedure had been completely successful, only one-third of this population would have been expected to be fluorescent.
In an initial characterization of the localizations of the fusion proteins expressed by the library members, reassembled virus was inoculated onto the leaves of N. benthamiana . Between 2 days and 2 weeks after inoculation, the localizations of the GFP fusion protein in fluorescent infection foci were observed with a confocal laser scanning microscope. Because it is not always possible to unambiguously define subcellular compartments with the confocal laser scanning microscope, at least without a secondary marker, and to avoid being too prejudiced concerning the localizations observed, the members of the two libraries were categorized into the following broad classes (Table 1): cytosolic (the phenotype of the unfused GFP and that expected for members of the 3 Ј fusion library that carried no targeting information); nuclear (including homogeneous nuclear labeling, nucleolar labeling, nucleolar exclusion, and other subnuclear structures); chloroplastic; endoplasmic reticulum and associated structures; membrane (including the plasma membrane and tonoplast) and extracellular (including labeling of specific wall regions and the free space); blobs (a general descriptive term referring to small regular structures within the cytosol that probably included mitochondria, peroxisomes, and small vesicles); and granules (a general descriptive term for large irregular aggregates within the cytosol). Concerning the last category, many of these granular phenotypes were presumed to result from the very high level of expression from the plant virus vector, leading to saturation and aggregate formation. Inoculations of the libraries to tobacco, which is a less permissive host for the vector, resulted in a lower proportion of infection foci with the granular phenotype (data not shown), substantiating the notion that such irregular granules may have arisen from protein overexpression. Furthermore, the granular phenotype was discernible more frequently in mesophyll cells than in epidermal cells and occurred early in the infection process, both features that correlate with higher levels of fluorescent fusion protein expression.
In the case of the 3 Ј fusion library, only ‫ف‬ 17% of the fluorescent infection sites showed subcellular localizations other than Shivprasad et al. (1999) . The variable G stretch in the pXNE series of vectors is underlined. The proportions of fluorescent infection foci in each phenotypic class are given as percentages. The number of random fluorescent infection foci inspected by confocal laser scanning microscopy was 4395 (3 Ј fusion library) or 161 (5 Ј fusion library).
cytosolic localizations, whereas for the 5 Ј fusion library, ‫ف‬ 43% of the fluorescent infection sites expressed GFP fusions with discrete subcellular localizations. In light of this result and the greater complexity of the 5 Ј fusion library, subsequent work focused mainly on the 5 Ј fusion library. In addition to clearly recognizable subcellular distributions, many of the expressed fusion proteins showed novel localizations. Some examples of the observed fusion protein localizations, for which the encoding cDNA sequences were determined, are described below.
Nucleus
A high proportion of both libraries showed nuclear localizations. Subsequent nucleotide sequencing showed many of these localizations to be predictable based on sequence homology (Table 2 ). However, some unidentified protein fusions revealed unique structures associated with the nuclear envelope or nucleoplasm ( Figure 2 ). Some protein fusions were excluded from the nucleolus (Figure 2A ), whereas others showed discrete nucleolar localization ( Figure 2F ). One unknown protein decorated the nuclear envelope and possibly was associated with nuclear pore complexes ( Figure 2D ). Another unidentified protein fusion formed discrete, mobile, doughnut-shaped structures that sometimes were arranged helically within the nucleus ( Figure 2J) , whereas yet another unknown protein appeared to be wrapped around the nucleolus in the form of filamentous structures ( Figure 2B ).
Chloroplast
Despite the deliberate production of cDNA libraries from root mRNA, chloroplast-localizing fusion proteins were found when the libraries were inoculated onto leaves. For some, such plastidic localizations of the expressed fusion protein were predictable from sequence homology (Table 2) , whereas others, labeling specific structures within chloroplasts, represented unknown proteins. Some of the expressed cDNA-gfp fusions labeled the stroma and were present in chloroplast protrusions known as "stromules" (Gray et al., 2001) . One of these stromulelabeling sequences was similar to that of an aspartate aminotransferase ( Figure 3E ), whereas others represented unknown proteins ( Figure 3A ). During the course of screening, it was noted that some GFP fusion proteins (e.g., thiazole biosynthetic enzyme chloroplast precursor; Figure 3B ) were associated with small vesicles that adhered to the outer chloroplast membrane. In these cases, it is possible that the partial protein sequences encoded by the cDNA-gfp fusions were sufficient to permit chloroplast targeting but insufficient to deliver the protein to its natural final address within the chloroplast. Furthermore, the filamentous structures observed in Figure 3F , which are composed of a GFP fusion to an unknown protein, may represent crystalline protein aggregates within the chloroplasts.
Plasma Membrane and Tonoplast
Although a large number of transporter proteins are known to be associated with the plasma membrane and the tonoplast, specific transporters from plants have been cloned only recently (Raghothama, 2000) . During screening of the 5 Ј fusion library, a number of proteins were shown to associate with both the plasma membrane and the tonoplast. Plasma membranelabeling proteins included GFP fusions to a Ser/Thr/Tyr kinase and a plasma membrane integral protein (Table 2, Figure  4C ). Although some plasma membrane-associating proteins were distributed evenly across the plasma membrane, others showed specific punctate accumulations associated with the outer plasma membrane leaflet ( Figure 4B ) or associations with discrete vesicle populations ( Figure 4A ). One of the tonoplastassociated proteins identified from screening of the 3 Ј fusion library localized to motile vesicular structures that were present within the central vacuole ( Figure 5A ). These structures appeared to be anchored to the tonoplast and frequently fused and budded from it. Treatment of cells with latrunculin, an inhibitor of the actin cytoskeleton, completely inhibited the movement and fusion of the vesicular structures, allowing their reconstruction by optical sectioning ( Figure 5B ).
Cell Wall
Some of the proteins identified by virus-based screening were detected in the apoplast. Interestingly, secreted GFP normally is not stable in the apoplast of N. benthamiana leaves (Boevink et al., 1999) and undergoes rapid degradation by proteases. Thus, some protein fusions appeared to confer apoplastic stability to GFP. One of these encoded a RALF (Rapid Alkalization Factor) peptide precursor ( Figure 6C ), a recently discovered peptide hormone involved in defense signaling (Pearce et al., 2001 ). Other apoplastic proteins remain to be identified. For example, the fusion protein depicted in Figure 6D was stable in the apoplast and formed discrete protein "bridges" between adjacent palisade and mesophyll cells. The same fusion protein, when expressed by the virus in epidermal cells, was present along the inner wall layers but was absent from the three-way junctions between adjoining cells ( Figure 6E ). Another isolate, containing a cDNA that is similar to a glucosyltransferase-like protein, expressed a fusion protein that associated stably with cell wall microfibrils ( Figure 6F ).
Endomembrane System
Several proteins from the 5 Ј fusion library were shown to associate stably with the endoplasmic reticulum (ER), including the cortical ER and the nuclear envelope ( Figure 7A ). In addition, some proteins labeled a motile population of structures that moved along the ER network ( Figures 7B and 7C ). We have tentatively identified these structures as Golgi bodies (Boevink et al., 1998; Nebenfuhr et al., 1999) , although the association of novel proteins with this organelle requires future confirmation.
Mitochondria
The small size of mitochondria made them difficult to distinguish from other small subcellular organelles, including motile vesicle populations. However, some proteins, such as a threonyl-tRNA synthetase mitochondrial precursor (Table 2) , were associated with small, elongated structures that were likely to have been mitochondria (Figure 8 ).
Strategy Verification
To check the veracity of the approach for ascribing subcellular localizations to uncharacterized genes, 50 infection foci from the 3Ј fusion library and 161 infection foci from the 5Ј fusion library that showed localizations other than to the cytosol were selected for analysis. Individual infection foci were excised, and homogenates were passaged to separate N. benthamiana leaves to confirm the phenotypes. For the 5Ј fusion library, 12% of the passaged viral subpopulations produced either no fluorescent infection foci or foci showing altered subcellular localizations for the fusion proteins by confocal laser scanning microscopy, whereas for the 3Ј fusion library, 35% of the passaged viral subpopulations gave these results. There are a number of explanations for the lack of apparent infection foci:
(1) simple infection failures, the insertion of foreign sequences correlating with reduced infectivity in a size-dependent manner; (2) for samples derived from the 5Ј fusion library, a contaminant subpopulation originating from an infection initiated by a viral RNA that does not express a functional GFP fusion may have predominated; (3) during in planta propagation, recombination events may have resulted in a significant proportion of the subpopulation containing deletions so that they no longer could produce a functional GFP fusion. Such deletion events in the inserted cDNA sequences also can explain the observed alterations in sucellular localizations, although these alterations could merely reflect cross-contamination by other fluorescent infection foci. During the rescreening procedure, it was noted that some library members displayed different subcellular localizations depending on the time of inspection. For instance, the RALF precursor described above initially showed localization to the ER ( Figure 6A ) but subsequently showed both ER and cell wall localization ( Figure 6B ), and by 7 days after inoculation, it showed localization only to the cell wall ( Figure 6C ). This temporal change in distribution for the GFP fusion to an apoplastically secreted protein is assumed to reflect the maturation process of the protein, with the protein initially being translated on the ER and subsequently being trafficked to its final destination in the apoplast.
As described in Methods, RNA was extracted from the passaged leaves from the recovered isolates that reproduced the original phenotype. This RNA was used in reverse transcriptase-mediated (RT) PCR with flanking primers specific to TMV sequences and gfp to recover the cDNA sequences. For both libraries, ‫%04ف‬ of the amplification reactions produced single major products larger than the insert-free vector controls. The other reactions produced more than one major product, a product of the same size as the insert-free vector control, or failed completely. As discussed above, the extra bands are proposed to represent either contaminants or recombinant progeny arising from in planta deletion events. Major amplification products larger than those from the controls were cloned, and nucleotide sequences of the inserts were determined. The sequences obtained were analyzed using Basic Local Alignment Fusions of unknown proteins to GFP produced a variety of subnuclear distributions: nucleolar exclusion (A); filamentous structures wrapped around the nucleolus (B); uniform labeling of the nucleoplasm (C); association with the nuclear envelope, possibly at or within nuclear pore complexes (D); hollow spheres that were sometimes arranged helically within the nucleoplasm (J); and "speckle"-like structures (I) similar to a GFP fusion with a homolog of a splicing factor (E). Likewise, GFP fusions to homologs of known proteins showed various localizations, including both nucleoplasmic and nucleolar labeling ([F] to [H]): a fusion between GFP and a putative histone H3 homolog (G) labeled loop-like structures associated with the nucleolus.
Search Tool (BLASTX and BLASTN) searches. Sixty-four percent of the 44 sequences obtained from clones isolated from the 3Ј fusion library had significant similarity to known or predicted genes, whereas for the 150 sequences from the 5Ј fusion library, a higher proportion (74%) were similar.
3Ј Library
Of the 28 homologous sequences from the 3Ј fusion library, only 11 were in frame; the others were in the wrong frame or orientation. Thus, only 39% of the identified sequences were in frame, which is only slightly more than the 33% expected on a purely random basis. Similarly, in the transgenic study by Cutler et al. (2000) , a low proportion (52%) of the sequences identified were in frame, indicating the potential for many sequences that are naturally not translated to cause targeting. Of the identified sequences with predictable localizations, two (3Ј-14 and 3Ј-50) gave expected localizations (Table 2) and two (3Ј-27 and 3Ј-47) gave unpredicted localizations. That the GFP fusion to the oxygen-evolving enhancer protein homolog (Table  2) did not localize to chloroplasts as expected is unsurprising given the absence of the N-terminal chloroplast transit peptide. As mentioned previously, the fusion protein produced by 3Ј-47, which contained a sequence homologous with the tobacco high-affinity phosphate transporter PT1, localized to tonoplastassociated vesicles rather than demonstrating the predicted plasma membrane distribution.
5Ј Library
Sixty-six percent of the clones from the 5Ј fusion library that were homologous with known or predicted sequences were found to be in frame with gfp. The other one-third of the sequences were excluded from the analysis because they could not be responsible for the observed patterns of fluorescence and represented either nonfluorescent contaminants or recombinant progeny that had undergone in planta deletions. All of the genes whose fusion products had a predictable localization fell within the expected phenotypic classes, with three exceptions (Table 2 ). These three exceptions (5Ј-017, 5Ј-067, and 5Ј-165) were homologous with an adenine nucleotide translocator, an ATP synthase subunit, and a UDP-glucose dehydrogenaselike protein, respectively. The fusion proteins expressed from 5Ј-017 and 5Ј-067 were predicted from their homology to localize to mitochondria, but instead they localized to chloroplasts. Notably, the product encoded by 5Ј-017 was extended at its N terminus by 21 amino acids relative to its potato homolog and also showed little similarity to the extreme N terminus of the homolog (data not shown).
Plasmodesmata
Our original rationale for developing virus-based cDNA-gfp screens was to identify plasmodesmata-interacting proteins. During our initial screening of the 3Ј fusion library, two infection foci showing localization of the expressed fusion protein to plasmodesmata ( Figure 9A ) were isolated (3Ј-29 and 3Ј-42, alias plasmodesmata01 and plasmodesmata02), and the cDNA-derived sequences were recovered. However, foci with such a phenotype occurred with very low frequency ( Table 1) .
Because of our interest in plasmodesmata proteins, large-scale screening of both the 5Ј and 3Ј fusion libraries was performed to obtain additional such isolates. Through screening of ‫000,02ف‬ fluorescent infection foci, another 10 isolates that displayed plasmodesmata localization were obtained: two from the 3Ј fusion library (plasmodesmata03 and plasmodesmata04) and eight from the 5Ј fusion library (plasmodesmata05 to plasmodesmata12). The isolates were passaged onto fresh leaves and RNA extracted from single infection sites showing the desired phenotype. Despite RNA preparation from single infection sites, three of the isolates, plasmodesmata07, plasmodesmata10, and plasmodesmata12, produced more than one major amplification product in RT-PCR. The major amplification products were cloned back into the progenitor, in- A GFP fusion to a protein homologous with a high-affinity phosphate transporter (NtPT1) was localized to vacuolar bulb-like structures attached to the tonoplast. Bulbs that were budding from the tonoplast are shown in (A). Incubation in the presence of 25 M latrunculin, an inhibitor of the actin cytoskeleton, for 1 h allowed immobilization of the bulbs and their three-dimensional reconstruction (B).
sert-free vectors, and the nucleotide sequences of the inserts were determined (Table 3) . Clones derived from one of the isolates, plasmodesmata05, contained a deletion that resulted in the formation of an in-frame fusion between the TMV mp gene and gfp. Such MP-GFP fusion proteins have been shown previously to accumulate in plasmodesmata Crawford and Zambryski, 2000; Gillespie et al., 2002) ; thus, this isolate represented a false positive.
To confirm which sequences were responsible for the observed phenotypes, reassembled transcripts from the regenerated full-length viral clones were inoculated onto N. benthamiana plants. For the three isolates that produced more than one amplification product, only clones derived from one of the amplification products resulted in fluorescent infection foci in each case. Furthermore, the fusion protein in these fluorescent foci showed plasmodesmata localization, indicating that the clones derived from the other amplification products represented contaminants that did not express a functional GFP fusion. However, one of the isolates, plasmodesmata06, which produced a single amplification product, yielded no clones that produced fluorescent infection foci. Such clones could not be obtained directly in spite of repeated attempts: the ORF in the cDNAderived sequence was always out of frame with gfp. Therefore, to generate clones with in-frame fusions, PCR was performed with mutagenic primers to adjust the reading frame. Inoculation of transcripts from the resulting modified, full-length clones produced fluorescent infection foci on plants, and the expressed fusion protein accumulated in plasmodesmata.
There was variation in the phenotypes produced by the regenerated plasmodesmata clones, with many of the clones initially producing fluorescent aggregates that were presumed to result from excess viral expression of the fusion proteins. Further, inoculations performed with plasmodesmata03-derived clones resulted in fluorescent infection foci that displayed two phenotypes on the same leaf: infection foci showed either cytosolic GFP fluorescence or plasmodesmata labeling. Passaging of those infection foci that showed cytosolic GFP localization resulted solely in infection foci showing the same phenotype. By contrast, passaging of infection foci that showed the plasmodesmata phenotype resulted in infection foci showing both phenotypes. This result suggested that the inserted sequence was unstable in the viral vector and was lost during in planta A GFP fusion to a RALF peptide homolog showed temporal changes in distribution after viral inoculation of leaves. The RALF-GFP fusion was first detected within the ER (A) at 4 days after inoculation. By 5 days after inoculation, the fusion protein was observed in both the ER and the cell wall (B), and by 7 days after inoculation, it was observed solely in the cell wall (C). A fusion between GFP and an unknown protein formed narrow bridges between adjacent palisade and mesophyll cell walls (D), and in epidermal cell, it was aligned along the inner wall region but absent from the three-way wall junctions ([E], arrow). A GFP fusion to a protein homologous with a putative glucosyltransferase was associated with wall microfibrils when viewed in optical sections of the wall face (F).
propagation, resulting in the cytoplasmic distribution. This hypothesis was confirmed by extracting RNA from the two lesion types followed by RT-PCR and nucleotide sequencing of clones. Although foci showing plasmodesmata phenotypes retained the insert sequence, those showing cytoplasmic phenotypes had undergone deletions within the inserted sequence (data not shown).
All of the clones, with the exception of those derived from isolate plasmodesmata08, eventually showed a low cytosolic background and specific labeling of plasmodesmata. Plasmodesmata labeling was confirmed by immunogold electron microscopy of infected tissue using GFP-specific antisera. Gold labeling was concentrated in plasmodesmata but not in adjacent wall regions ( Figure 9B ). In contrast to the other clones, those derived from isolate plasmodesmata08 produced labeling of the plasma membrane in addition to plasmodesmata localization. The phenotype displayed by clones based on isolate plasmodesmata10, which contained sequence homologous with that of a Rab protein (Table 3) , was unusual in that fluorescence was observed in a motile vesicle population (Figure 9C ) before the accumulation of the fusion proteins in plasmodesmata ( Figure 9D ). Such a phenotype is not incongruous with the known involvement of Rab GTPases in vesicular shuttling between donor and acceptor membranes (Rutherford and Moore, 2002) .
DISCUSSION
In the postgenomics era, a variety of methods have been used to help ascribe functions to unknown genes. Because a protein's localization is intrinsic to its function, proteomics approaches have been used to elucidate plant gene function. These approaches have proven effective for subcellular compartments, such as the chloroplast and the plasma membrane, because they can be fractionated easily. Although more information may be extracted in the future from these studies, through correlation with known subcellular markers, the use of GFP fusions for in vivo localization offers the prospect of a much finer subcellular resolution and may be especially useful for gene products found in compartments that cannot be fractionated readily. These benefits make this strategy worthwhile, despite the fact that the expressed proteins are not completely native. Previously, transgenic Arabidopsis plants were used to screen a library of cDNAs fused to the 3Ј end of gfp (Cutler et al., 2000) . Because of the requirement to regenerate transgenic plants, this method is time consuming; therefore, we wished to develop a higher throughput method. We have been successful in this objective and have developed a plant virus vector-based method that allows the daily screening of several hundred clones. This method relies on the observation that each infection focus is initiated by an individual RNA transcribed from the library (Haupt et al., 2001; Toth et al., 2002) .
In addition to the speed advantages, the use of a viral system also results in advantageous high-level expression of the fusion proteins. For the 3Ј fusion library, this meant that fluorescence could be detected from virtually all of the fusions. This occurred despite the fact that the form of GFP used in this study is not expected to be fluorescent in some compartments, such as the apoplast (Boevink et al., 1999) . In some respects, this highlevel expression might be considered a disadvantage, because it could lead to the saturation of targeting pathways and to aggregate formation. The latter problem could be circumvented for isolates that show nonspecific aggregate formation by rescreening on a less susceptible host (e.g., tobacco) in which the "granular" phenotype is less prevalent. In future studies, appropriate development of RNA-based viral vectors for use in Arabidopsis should allow the direct screening of Arabidopsis cDNA libraries on this species. Because vector-based expression in differentiated leaf tissue is transient, it may permit the localization of fusion proteins whose expression would cause lethality in transgenic plants. Furthermore, the transient nature of the system allows the observation of temporal changes in fusion protein localization, exemplified by the progressive localization of the fusion proteins expressed by isolates 5Ј-126 and plasmodesmata10 from the ER to the apoplast and from vesicles to plasmodesmata, respectively.
As in the earlier work of Cutler et al. (2000) , random cDNAs were fused to the 3Ј end of gfp; additionally, random cDNAs, synthesized using a cap structure-dependent protocol, were fused to the 5Ј end of gfp. Unsurprisingly, given the N-terminal location of most signal peptides, a much higher proportion of fluorescent infection foci showed specific localizations in the 5Ј fusion library than in the 3Ј fusion library. Therefore, we concentrated our efforts on the former.
3Ј Library
For the 3Ј fusion library, ‫%71ف‬ of infection foci showed a phenotype that differed from the simple cytosolic phenotype of the control, whereas in the study by Cutler et al. (2000) , only 2% of the transgenic lines obtained showed a distribution of fusion protein that differed from cytosolic GFP. This difference could reflect lower stringency in ascribing specific phenotypes during the screening of our 3Ј fusion library or differences in the amounts of encoded targeting information. That the former might be the case is suggested by the fact that only 39% of the clones recovered from the 3Ј fusion library were in the correct frame, whereas a figure of 52% was obtained by Cutler et al. (2000) and this was increased to 69% when one phenotypic class was excluded. Even so, these results demonstrate the potential of out-of-frame fusions to contain cryptic targeting information.
The use of a secondary marker could facilitate unambiguous subcellular localizations. For example, in the case of small subcellular organelles, such as mitochondria and Golgi bodies, inoculation of viral libraries expressing cDNA-gfp fusions, or passage of selected isolates onto transgenic plants expressing a second fluorescent protein (e.g., yellow fluorescent protein or red fluorescent protein) fused to a known subcellular targeting sequence, would provide unambiguous confirmation of the unknown fusion protein's localization.
Because out-of-frame fusions can be excluded from analysis, the authenticity with which in-frame fusions localize is perhaps more important. For the 3Ј fusion library, only four isolates containing in-frame fusions of cDNAs with predictable subcellular localizations were obtained: two, 3Ј-50 (a splicing factor homolog) and 3Ј-14 (a ribosomal protein homolog), localized as expected, and one, 3Ј-27 (an oxygen-evolving enhancer protein homolog), clearly was mistargeted, probably as a result of the absence of its natural N-terminal transit peptide. This isolate, which was recovered independently from the 3Ј fusion library twice, also is of interest because it was reported recently that silencing of this gene enhances TMV replication (Abbink et al., 2002) , suggesting that the presence of this sequence within the TMV-based vector may confer some selective advantage to its propagation. The sequence found in the fourth isolate, 3Ј-47, was homologous with the tobacco high-affinity phosphate transporter NtPT1, and on this basis, it was expected to local- ize to the plasma membrane (Raghothama, 2000) . Instead, the expressed fusion protein was found specifically in recently described vacuolar structures termed "bulbs" that were shown to be enriched in the aquaporin ␥-TIP (Saito et al., 2002) . Recently, high-affinity phosphate transporters were implicated in phosphate remobilization (Karthikeyan et al., 2002) , and it is possible that the expression of PT1 on bulb structures may be associated with the remobilization of phosphate from the central vacuole. Recent GFP fusion and proteomic studies have localized the Arabidopsis phosphate transporter PHT2;1 and its spinach ortholog IEP60 to the chloroplast (Ferro et al., 2002; Versaw and Harrison, 2002) , showing the spatial regulation of phosphate transporters within cells. In contrast to an earlier report regarding the vacuolar bulbs, in which they were found only in the vacuoles of cotyledon and hypocotyl cells (Saito et al., 2002) , we found the bulbs in all cells in which the fusion protein was expressed.
5Ј Library
Compared with the 3Ј fusion library, the 5Ј fusion library produced more specific localizations, and a greater proportion of the recovered cDNAs were in frame with gfp. Those clones that contained upstream ORFs that were out of frame with gfp were excluded from the subsequent analysis on the basis that they were either contaminants or recombinant progeny that had sequences deleted from the RNA molecule that initiated the infection focus. This level of contamination could have been reduced by diluting the initial inoculum to give fewer infection foci per leaf, by extracting RNA for cloning purposes only from single lesions rather than from passaged leaves, or by additional rounds of viral passage. That the out-of-frame exclusion criterion might have resulted in false negatives is demonstrated by the case of isolate plasmodesmata06, for which the upstream ORF was never recovered in frame with gfp, despite repeated attempts. That such false negatives might have occurred during library screening is illustrated by isolate 5Ј-127 ( Figure 6F ), which encoded a homolog to a glucosyltransferase-like protein and showed labeling of cell wall fibers, although the ORF for this homolog was out of frame with gfp. Based on the library verification procedure, there was little evidence of false positives, because all of the recovered inframe fusions with predictable localizations gave phenotypes consistent with their known properties, with three exceptions. Two of these exceptions, 5Ј-017 and 5Ј-067, were expected based on homology to be found in mitochondria; instead, they were localized to chloroplasts. Chloroplast localization in itself might be considered a mislocalization because the libraries were prepared from root tissue lacking such organelles. However, this is presumed to reflect the generality of plastid targeting information. Although missorting of chloroplast proteins to mitochondria using in vitro systems has been reported, the mistargeting of mitochondrial proteins has not (Rudhe et al., 2002) . Some proteins are targeted to both of these organelles (Chabregas et al., 2001) , and a recent study has shown that the use of multiple transcription start sites allows the expression of mitochondrial and chloroplast isozymes from the same gene (Obara et al., 2002) . Previous studies have shown that the 76-amino acid presequence of the potato ADP/ATP translocator is neither necessary nor sufficient for mitochondrial targeting (Mozo et al., 1995) . Thus, because the sequence encoded by 5Ј-017 was N-terminally extended over its potato homolog, the observed chloroplast localization might not be completely artifactual.
Some of the other chloroplast-localizing isolates showed a phenotype in which the GFP fusion protein accumulated in vesicles associated with the surface of the chloroplasts. This observation suggests that for these isolates, there may have been a block in the targeting pathway, resulting from either the fusion of GFP to the C terminus or the omission of sequence from the partial cDNAs necessary for the completion of targeting. The selection of larger cDNAs for insertion might result in more authentic end-point targeting. However, the consequences of the inclusion of larger foreign inserts are increased viral genomic instability and reduced levels of fusion protein expression. The latter phenomenon may not be a problem because it still may result in detectable levels of fluorescence and reduced aggregate formation. Genomic instability, or rather selection pressure for the recombinant progeny that arise from it, could be reduced by using more robust vectors that have been developed through DNA shuffling .
Putative Plasmodesmata Proteins
The major rationale for undertaking a high-throughput screen of cDNA libraries was to identify plant proteins that interact with plasmodesmata. To date, we have identified a number of protein sequences that consistently localize to plasmodesmata, and a future aim will be to characterize the functional significance of these interactions. The identification of the false-positive plasmodesmata05, which expresses a fusion protein with known plasmodesmata-localizing properties, indicates the veracity of this approach for identifying such proteins. However, further studies are being conducted to prove that the native plant proteins also localize to this subcellular organelle. That some others might be false positives is suggested by the isolation of plasmodesmata06, whose cDNA sequence showed similarity to a berberine bridge enzyme. The sequence recovered from this isolate encoded a protein that was N-terminally truncated relative to its homolog and that lacked the sequences shown previously to be necessary to direct GFP to the ER and subsequently to the vacuole (Bird and Facchini, 2001 ). The phenotype of plasmodesmata10, which contains a Rab sequence, suggests that the native protein may associate only transiently with plasmodesmata and that vesicular transport of the fusion protein is blocked at the acceptor membrane-targeting stage. Not surprisingly, given the paucity of known plasmodesmatal proteins, almost half of the sequences that localize to plasmodesmata exhibited no significant similarity or similarity to unknown proteins in BLASTX searches.
Of the other homologous sequences recovered from the plasmodesmata isolates, one encoded an enzyme related to the ethylene biosynthetic pathway (plasmodesmata11), one encoded the enzyme for the first committed step in the nicotine biosynthetic pathway (plasmodesmata07), and two (plasmodesmata09 and plasmodesmata12) encoded proteins involved in "redox"-based signaling reactions (Pastori and Foyer, 2002) . However, to date, only partial cDNA sequences have been expressed, and these sequences have been expressed only from a TMV-based vector. It is possible that some of the sequences that we isolated associate with plasmodesmata in response to viral infection. For example, TMV infection is signaled by increased levels of monodehydroascorbate radicals (Fodor et al., 2001) , suggesting that plasmodesmata09, which encodes a monohydroascorbate reductase homolog, might be localized to plasmodesmata in response to infection. This observation may be significant in light of the fact that the highly charged ascorbate radical can traffic significant distances away from the site of fungal infection (Muckenschnabel et al., 2001) . Future studies in which the same plasmodesmata-localizing sequences and fulllength cDNA sequences are expressed from both viral and nonviral expression systems should distinguish proteins that interact with plasmodesmata in response to pathogenesis from those that are normal constituents of plant signaling pathways and elucidate which localizations are truly significant.
Although the system we have developed is not easily applicable to genes that encode products with both N-and C-terminal targeting information, it will allow the fine subcellular localization of many gene products. For genes whose products have targeting sequences at both termini, it may be necessary to use transgenic plants and employ a strategy analogous to the mobile artificial gfp exon approach used with Drosophila (Morin et al., 2001) . However, the virus-based system offers many advantages over transgenic plants; the most obvious of these is speed and the potential of the system to be truly high throughput, making it feasible to screen very large numbers to identify rare subcellular localizations, as exemplified by the isolation of plasmodesmata-localizing sequences. Second, because screening is performed on mature plants, sequences that might be lethal during transgenic plant regeneration will not be lost. Third, because there is a burst of protein expression, changes in subcellular localization during progression through a targeting pathway can be observed, rather than merely the final localization. Fourth, because viral isolates can be passaged to transgenic plants expressing known, fluorescent, subcellular marker proteins, more precise subcellular localizations can be achieved than by screening of transgenic plants by confocal laser scanning microscopy.
The development of "mammalian cell microarrays" (Wu et al., 2002) should facilitate studies to relate genes and functions. However, to date, no such systems exist for plant cells. Despite the various caveats we have highlighted, we believe that the high-throughput, virus vector-based system described here should provide a useful addition to the armory of techniques available to help relate plant genes to their functions.
METHODS
Vector Construction
Four vectors (Figure 1) , from which GFP fusions could be expressed after the insertion of partial cDNAs, were produced from a previously described plasmid, p30B.GFPc3 (Shivprasad et al., 1999) using standard techniques (Sambrook et al., 1989 ). An intermediate plasmid, pOL2, in which the initiating Met codon of the gfp gene was replaced with unique EcoRV and NotI sites, was produced through overlap extension PCR with mutagenic oligonucleotides (Higuchi, 1990) . The mutagenized DNA was recloned as an NcoI fragment. The plasmid pOL2 was used to create the vector pOL2.Asc by digestion with EcoRV and insertion of an AscI linker (New England Biolabs, Beverly, MA). The three vectors pXNE0, pXNE1, and pXNE2, in which the stop codon of the gfp gene was replaced with unique EcoRV and NotI sites, were produced by PCR with three different mutagenic oligonucleotides to allow fusions in each of the three frames. The mutagenized DNAs were recloned as XhoI fragments.
Library Construction
To create random cDNA fusions to the 3Ј end of gfp, 4 g of root tissue from 5-week-old Nicotiana benthamiana plants was ground in liquid nitrogen and RNA extracted using Tri Reagent (Sigma) according to the manufacturer's instructions. mRNA was purified from the total RNA preparation using Oligo(dT) 25 Dynabeads (Dynal, Oslo, Norway) according to the manufacturer's instructions. The immobilized mRNA was used to synthesize first-strand cDNA with a Superscript cDNA Synthesis Kit (Invitrogen, Carlsbad, CA), and after heat inactivation of the enzyme, the first-strand reaction products were used for second-strand synthesis. After collection of the magnetic beads, second-strand products were eluted in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and a half volume of 3ϫ hybridization buffer (12ϫ SSC [1ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate], 15ϫ Denhardt's solution [1ϫ Denhardt's solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA], and 1.5% SDS) was added. After denaturation by boiling for 5 min, the second-strand products were hybridized with the immobilized first-strand products at 65ЊC for 8 h. The partially normalized second-strand products were collected, and bound products were eluted in water before discarding. This hybridization process was repeated three times before purification of the normalized second-strand products with a QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Double-stranded cDNA was regenerated from the normalized secondstrand products by priming with NotI-dT oligonucleotide [(T) 6 GCGGC-CGC(T) 20 ] and extension with cloned T7 DNA polymerase (Amersham Biosciences) at 37ЊC for 1 h. The products were purified by phenol:chloroform extraction and, after T4 DNA polymerase treatment, phosphorylation with T4 polynucleotide kinase and digestion with NotI separated by agarose gel electrophoresis. Fragments of Ͼ400 bp were recovered with a QIAEX II Gel Extraction Kit (Qiagen), ligated to an equipartite mixture of the three vectors, pXNE0, pXNE1, and pXNE2, that had been digested previously with EcoRV and NotI, and dephosphorylated with calf intestinal phosphatase. The ligated populations were transformed into Escherichia coli, and after plating of aliquots to determine the library complexity, the library was grown for DNA preparation.
To create random cDNA fusions to the 5Ј end of gfp, total RNA was prepared from root tissue as described above. mRNA was purified from total RNA using a Micro Poly(A)Pure Kit (Ambion, Austin, TX) according to the manufacturer's instructions, and the eluted mRNA was precipitated with ethanol. The mRNA was resuspended in water and used for first-strand cDNA synthesis with Superscript II in the presence of 0.6 M trehalose in a thermocycler (Carninci et al., 1998) . The mRNA was incubated initially at 65ЊC for 10 min with N6-NotI primer (5Ј-AAGCAGTGG-TAACAAAGCAGAGTACGCGGCCGCNNNNNN-3Ј) before cooling to 45ЊC and the addition of other reagents. The reaction then was subjected to the following thermal profile: incubation at 45ЊC for 10 min; ramp to 35ЊC at 0.2ЊC/s; incubation at 35ЊC for 5 min; incubation at 45ЊC for 5 min; ramp to 55ЊC at 0.2ЊC/s; incubation at 55ЊC for 1 min, followed by an additional nine 1-min incubations at 0.5ЊC incremental temperatures; and 10 cycles of 2-min incubations at 60ЊC followed by 2-min incubations at 55ЊC. At the end of this process, the reaction was cooled, proteinase K was added to a final concentration of 0.4 mg/mL, and the reaction was incubated at 45ЊC for 15 min.
After purification by ethanol precipitation, the heteroduplex was biotinylated as described by Carninci et al. (1996) . After isopropanol precipitation, the resuspended, biotinylated heteroduplex was treated with RNase I (Ambion) at 37ЊC for 15 min and immobilized on M-280 Streptavidin Dynabeads (Dynal) according to the manufacturer's instructions before second-strand synthesis with a Superscript cDNA Synthesis Kit (Invitrogen). The double-stranded cDNA products in the supernatant were collected and purified by phenol:chloroform extraction and ethanol precipitation. The purified products were ligated to AscI linkers and digested with AscI and NotI. The digested products were passed through cDNA Size Fractionation Columns (Invitrogen) according to the manufacturer's instructions, and pooled fractions were concentrated by ethanol precipitation. The resuspended products were ligated to pOL2.Asc, which had been digested with AscI and NotI, and dephosphorylated. The ligated populations were transformed into E. coli and, after plating of aliquots to determine the library complexity, the library was grown for DNA preparation. The sizes of the inserts present in the library were characterized by PCR analysis of individual clones from the library and sizing of the amplified products after gel electrophoresis. The mean insert size was 956 bp, and the standard error of the mean was 67.
Library Screening
Unlinearized, plasmid DNA prepared from the libraries was transcribed with a T7 mMessage mMachine kit (Ambion), reassembled with purified Tobacco mosaic virus (TMV) coat protein, and inoculated to plants as described by Toth et al. (2002) . After the development of fluorescent infection foci, inoculated leaves were detached, stuck to microscope slides with double-sided adhesive tape, and imaged with a spectral confocal laser scanning microscope fitted with water-dipping lens as described by Gillespie et al. (2002) . Infection foci that displayed GFP distributions of interest were excised, homogenized in 10 mM sodium phosphate buffer, and passaged as described by Toth et al. (2002) .
Cloning of Library Isolates
Leaf tissue was homogenized in liquid nitrogen, and total RNA was isolated using Tri Reagent (Sigma-Aldrich) according to the manufacturer's instructions. RNA was reverse transcribed with Superscript II (Invitrogen). For isolates from the 3Ј fusion library, first-strand cDNA synthesis was primed with oligonucleotide E (5Ј-ATCCAAGACACAACCCTTC-3Ј), which is complementary to TMV sequence downstream of the cDNA inserts, whereas for isolates from the 5Ј fusion library, first-strand cDNA synthesis was primed with oligonucleotide C (5Ј-ACCTTCACCCTCTCC-ACT-3Ј), which is complementary to the downstream gfp sequence. Regions encompassing the cDNA inserts were amplified by PCR from the first-strand cDNA products with Taq DNA polymerase (Invitrogen) with primer pairs flanking the cDNA inserts. For isolates from the 5Ј fusion library, primers A and B (5Ј-AAAAAAGTCGACGCAAAGGGAAAA-ATAGTAGTAGT-3Ј and 5Ј-GAATTGGGACAACTCCAGTG-3Ј) were used, and for isolates from the 3Ј fusion library, primers D (5Ј-CCTGTCGAC-ACAATCTGC-3Ј) and E were used. The amplification products were subjected to agarose gel electrophoresis, and fragments of interest were cloned into the vector pGEM-T Easy (Promega). Insert sequences were determined with an ABI PRISM Big-Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA) and analyzed using Basic Local Alignment Search Tool (BLASTN and BLASTX) searches (Altschul et al., 1990; Gish and States, 1993) .
Reconstitution of Plasmodesmata-Localizing Clones
To regenerate full-length clones of isolates from the 3Ј fusion library, reverse transcriptase-mediated (RT) PCR-derived products were digested with SalI and NotI or SalI and BsiWI where the NotI site was not intact and inserted into plasmid pXNE0 digested with the same pairs of restriction enzymes. Similarly, to regenerate full-length clones of isolates from the 5Ј fusion library, RT-PCR-derived products were digested with AscI and NotI and inserted into pOL2-Asc that had been digested with the same pair of restriction enzymes. For the isolate plasmodesmata9, in which the NotI site was not intact, RT-PCR was repeated with primers A and E, the amplification product was digested with AscI and SalI, and the released fragment was inserted between the same sites of pOL2-Asc. To correct the frame in the full-length clone produced from isolate plasmodesmata6, the cDNA insert was reamplified by PCR with a mutagenic antisense primer (5Ј-TTGCTAGCGGCCGCACCACCTGAA-ATATGA-3Ј), which introduced two extra nucleotides between the cDNA sequence and the downstream NotI site on one side, and primer A on the other. The reamplified product was digested with AscI and NotI and inserted into pOL2-Asc. DNA produced from the regenerated fulllength clones was used for transcription before reassembly of in vitro transcripts and plant inoculations as described above. Inoculated tissue was inspected with a confocal laser scanning microscope as described above. Immunogold labeling of ultrathin sections from infected tissue with GFP-specific antiserum was performed as described by Santa .
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